The interatomic distances in crystals of alloys cannot be accounted for by assigning a fixed atomic radius to each kind of atom, and the causes of this variation are discussed with special references to the Brillouin zone char acteristics of different structures. According to the theory of Jones, the effect of an overlap across the side of a Brillouin zone is to compress the zone at right angles to the face concerned, and so to expand the crystal lattice in the same direction. This expansion is not a property of an atom which can be transferred to any of its alloys, but is a characteristic of a structure with sufficient electrons to produce an overlap. The lattice spacings of alloys of aluminium and indium with copper, silver, gold, and magnesium are examined, and the apparent sizes of the aluminium and indium atoms are discussed, and are shown to be in agreement with the theory. The previous suggestion, that in metallic aluminium the atoms exist in an incom pletely ionized state, is improbable, and is no longer required in order to explain the facts. New experimental data for the lattice spacings of solid solutions of aluminium and indium are presented, and these show that, whilst the curves connecting the a parameter with the composition are smooth and continuous, the corresponding curves for the c parameter show an abrupt change in direction at about 0-75 atomic % of indium or aluminium. This is taken to imply that, although in metallic magnesium with two electrons per atom, the overlap of the first Brillouin zone is in the a direction only, the structure is so near to the stage at which the c overlap sets in that the addition of less than one electron per hundred atoms causes the c overlap to take place. I I t is well known th at the interatomic distances in crystals of alloys cannot be accounted for by assigning a fixed atomic radius to each kind of atom, but th at the apparent size of the atom depends on the nature and crystal structure of the particular alloy concerned. This variation in size has been ascribed to many factors, of which the following may be n oted:
I
I t is well known th at the interatomic distances in crystals of alloys cannot be accounted for by assigning a fixed atomic radius to each kind of atom, but th at the apparent size of the atom depends on the nature and crystal structure of the particular alloy concerned. This variation in size has been ascribed to many factors, of which the following may be n oted:
(a) The effect of co-ordination number. For ionic crystals, this effect is well understood, and a satisfactory theory exists. For the metals the position is less satisfactory, and, although the work of Goldschmidt (1928) suggests clearly th at decreasing co-ordination number results in a con traction of the atomic radius, there are comparatively few cases in which the effect of co-ordination can be tested without the introduction of other complicating factors, some of which are described below.
( b) Changes in the degree of ionization. I t is now accepted by many writers that the large interatomic distances in crystals of thallium (3-40 and 3-45 A) and lead (3-49 A) compared with th at in the preceding element gold (2-88 A) are due to the great stability of the T1+ and Pb++ ions, which results in these elements existing in forms resembling univalent and di valent, rather than trivalent and tetravalent elements respectively. The effect of this in connexion with the Brillouin zone theories of metals has not yet been discussed, and for some purposes it is considered as legitimate to regard all three valency electrons of, say, thallium as building up the zones, although, as regards cohesion, the underlying sub-group of two electrons is sufficiently developed to give rise to repulsion rather than to attraction, and to increase the interatomic distances. I t has been suggested th at the same phenomenon is the cause of the relatively large interatomic distances in indium and white tin. The fact th at the interatomic distances in metallic aluminium are greater than those in many alloys has also been ascribed to the same phenomenon, but this explanation is very unsatis factory, since the univalent A1+ ion is very unstable. It is one of the objects of the present paper to present an alternative explanation.
(c) Electrochemical effects. In alloys of two metals, which differ widely in the electrochemical series, there is a tendency for the intermediate phases to acquire some of the characteristics of definite compounds, and a contraction in the interatomic distances is to be expected in both the inter mediate phases, and the primary solid solutions.
(d) Polarization and Van der Waals effects. It has been suggested by Raynor (1938) th at some of the departures from Vegard's Law in alloy systems are due to polarization and Van der Waals effects. These effects may be particularly im portant in alloys for which the interatomic distances are controlled mainly by the electron clouds of the ions ('full' metals).
It is the object of the present paper to suggest that, apart from the above factors, the apparent sizes of atoms in different structures are influenced by the Brillouin zone characteristics of the structure, and to illustrate this effect by some clear examples. For convenience we shall use the term 'normal atomic diam eter' to denote the closest distance of approach of the atoms in the crystal of an element, and, where the structure is such th at an atom has neighbours at slightly different distances, we shall refer to the atomic diameter in a particular direction. When a substitutional solid solution, is formed in an element, there is usually a linear relation between lattice spacing or interatomic distance, and the composition in dilute solutions. If this straight line is extrapolated to 100% of solute, the resulting interatomic distance may be called the apparent or ex tra polated atomic diameter of the solute in the primary solid solution con cerned. In the same way, for an intermediate phase of variable com position, if the lattice spacing-composition relation is linear, the straight line may be extrapolated to give the apparent or extrapolated atomic diameter of the two elements in the particular phase.
II
The general method of representing conditions in a metal is to draw one curve (1) representing the energy of the lowest electronic state as a function of r, the distance between the atoms, and a second curve (2) showing the Fermi energy as a function of r. The interatomic distance in the metal is then given by the position of the minimum on the curve obtained by the summation of (1) and (2). The curve (1) is obtained by some method involving the wave-functions of the atoms, whilst the curve (2) is obtained from the simplified free-electron theory, or the more complete theories involving Brillouin zones. This method may be considered as one in which the interatomic distance is regarded as controlled by the sum of an atomic factor and an electronic factor, although the valency electrons are of course involved in the wave function of the atom. This concept applies to both * full5 and ' open ' m etals; in the latter the wave functions of the ions have almost vanished at the interatomic distances concerned, whilst, in the 'full' metals, the mutual penetration of the electron clouds of the ions is considerable, and the atomic factor involves the electrons of the outermost shell of the ion, as well as the valency electrons.
According to the theory of Jones (1934) , the effect of an overlap across the side of a Brillouin zone is to compress the zone at right angles to the face concerned, and so to expand the crystal lattice in the same direction in real space. The work of Jones was concerned with hexagonal crystals in which the overlaps were different in different directions, but his equations (6) to (9) are quite general, and apply to any structure, so th at in a cubic crystal where the zone overlaps are symmetrical, the effect will be to produce a uniform expansion of the lattice. This expansion is not a property of the atom which can be transferred to all of its alloys, but is a charac teristic of a structure with sufficient electrons to produce an overlap. If, therefore, we consider an element X, whose crystal structure and valency
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are such that a Brillouin zone overlap occurs, the interatomic distances will be greater than those obtained by extrapolation of the values of the solid solution of Xi n univalent elements, such as silver or copp which there is no overlap. The interatomic distances in the crystals of the element X will also be greater than those in structures which correspond with a completely full Brillouin zone. Further, if the element X enters into phases of variable composition with structures such th a t the Brillouin zone overlaps are not symmetrical (e.g. the close-packed hexagonal structure), the extrapolated values of the atomic diameter of X will in general be different for the different directions of the crystal.
I l l
Aluminium crystallizes in the face-centred cubic structure, and the curves of Mott and Jones (1937) show that, with three electrons per atom, there is a moderate overlap across the (200) planes. The interatomic distance in the crystal of the element, 2-857 A, should therefore be greater than the extrapolated atomic diameters of aluminium in solid solution in copper, silver and gold, and, as will be seen from table 1, this expectation is satisfied. Silver and gold have almost the same atomic diameter, and the fact th at the extrapolated value for the AuAla phase is smaller than th at for the AgAla phase may be ascribed to a combination of the electro chemical and polarization effects since both these are greater in the goldaluminium alloys. The extrapolated values from the silver and gold a-solid solutions are, however, larger than th a t from the copper a-solid solution, and the reason for this may be as follows. The solid solution of aluminium in copper results in an expansion of the copper lattice, whereas the solid solution in silver causes a contraction of the lattice of silver. The first Brillouin zone of the face-centred cubic lattice always contains two electrons per atom. The effect of lattice expansion is to reduce the width of the band, and hence, if the N(E) curves are dr lattice expansion results in the N(E) curve for higher in the direction of the N(E) axis, and shorter along the E axis. Conversely, lattice contraction increases the width of the band, and the N(E) curve for the first zone becomes longer in the direction of the E axis, and shorter in the direction of the N(E) axis. In dilute solutions of aluminium in copper, silver, or gold, the zone is only slightly more than half full, and the N( E) curve does not differ greatly from the cu free electron theory. The above considerations, therefore, show th a t the addition of a given number of electrons in dilute solid solution will increase E m&x by a greater amount in the case of lattice contraction than for lattice expansion. The increase in pressure due to the addition of a given number of electrons will therefore be greater in the case of lattice contraction than for lattice expansion, and hence, other things being equal, the apparent size of the aluminium atom should be greater when it produces lattice contraction than when it causes lattice expansion. This is in agreement with the facts. The extrapolated value for the a distance of approach is large in agree ment with the fact th at we are dealing with a direction involving a Brillouin zone overlap which, owing to the valency of aluminium, is in creased by increasing aluminium content. The d distance of approach involves both the a and c parameters and so is not simply related to the zone overlaps, but since a is abnormally large, it is clear th at the extra polated value of c must be abnormally small in order to give the low value of 2-695 A for the extrapolated d value for aluminium. The extrapolated values for this structure are thus in complete agreement with expectation. The 8 phase, Cu9A14, of the system copper-aluminium has a structure of the y-brass type, and corresponds with an almost full zone. The Al-Al distance of approach in this phase is 2-77 A and is thus smaller than the normal atomic diameter, in agreement with our hypothesis.
The 7] phase, Al2Au, of the system aluminium-gold, has a brilliant purple colour with the CaF2 type of structure. This structure is usually associated with an electron/atom ratio of 8/3, which corresponds with a completely W. Hume-Rothery and G. V. Raynor filled zone, and the properties of the compound AuA12 have led to the suggesti°n that, owing to the strong electrochemical factor, one of the electrons of the gold atom is removed from the d shell. If this is accepted, the compound AuA12 can be regarded as a full zone structure with a strong electrochemical factor, and the Au-Al interatomic distance should be smaller than th a t obtained from the normal atomic diameters (2-86 A). The actual Au-Al distance in AuA12 is only 2-59 A, and this low value is in agreement with expectation.
Magnesium has a close-packed hexagonal structure with axial ratio 1-6237. At two electrons per atom, this corresponds with Brillouin zone overlaps in the a, but not in the c direction. The lattice spacings of the solid solution of aluminium in magnesium have not previously been measured to the highest degree of accuracy. We have determined these lattice spacings accurately, using all the precautions described by Raynor (1940) , and the results, which are shown in figure 1, are of great interest. The curve connecting the a lattice spacing with atomic percentage of aluminium is smooth and continuous, and the extrapolated atomic dia meter of aluminium for the a distance of approach is 2-825-2-84 A. This is almost the same as the normal atomic diameter of aluminium (2-857 A), in agreement with the fact th at both involve Brillouin zone overlaps. In contrast to this, the curve connecting the c lattice spacing with atomic percentage of aluminium, shows a change in direction a t about 0-75 atomic % of aluminium, the first addition of aluminium producing a steeper fall in the c spacing than further additions. The change is slight, but is well outside the experimental error, and is of such a nature th a t the first small addition of aluminium lowers the axial ratio of magnesium, whilst further increase in the aluminium content produces an increase in the axial ratio (see table 1 ). We have also determined the lattice spacings of a very dilute solid solution of indium in magnesium, and these values, combined with the previous results of Raynor (1940) , are also shown in figure 1 , from which it will be seen th a t the curves for the a and c para meters of the solid solution of indium in magnesium have the same characteristics as those for the aluminium alloys. The curve for the a parameter is smooth and continuous, whilst th a t for the c param eter shows an abrupt change in direction at about 0-75 atomic % of indium.
The above results may be interpreted as showing that, although in metallic magnesium with two electrons per atom, the Brillouin zone over lap is in the a direction only, the metal is so near to the stage a t which the c overlap sets in, th at the addition of less than one electron per hundred atoms enables the overlap to occur in the c direction, with the resulting alteration in the lattice spacing-composition relations. If this interpre tation is correct, metallic magnesium exists in a state which is clearly of great theoretical interest.
We have already indicated (p. 31) th at the second, or distance of approach in the close-packed hexagonal structure is not directly related to the Brillouin zone overlaps since it involves both the a and c spacings. I t is of interest to note, however, th at the extrapolated atomic diameter of aluminium for the d distance of approach in solid solution in aluminium is 2*71 A before the c overlap occurs, and 2-84 A afterwards.
In general, therefore, the apparent or extrapolated atomic diameters of aluminium are in good agreement with the Brillouin zone theories, and the assumption of incomplete ionization in metallic aluminium should be dis carded.
W. Hume-Rothery and G. V. Raynor

IV
Indium crystallizes in the face-centred tetragonal structure with axial ratio T077, so th at the structure is very nearly th at of a face-centred cube. This results in each atom having four neighbours a t 3-24 A, and eight neighbours at 3-37 A; the atomic diameter for co-ordination number 12 would therefore be about 3*3 A. The Brillouin zone of the face-centred tetragonal structure with axial ratio slightly greater than unity is of the form shown in figure 2. This resembles the zone for the face-centred cube, but is compressed in the direction of the c-axis, this compression corre sponding with the expansion of the unit cell in real space in the same direction. At three electrons per atom, the face-centred cubic structure involves overlaps across the 8 A and 6J5 faces, and the effect of the com pression of the zone in the tetragonal structure is to increase the overlap across the top and bottom B faces, and to diminish th a t across the re maining 4B faces which may be distinguished by the symbol B'.
The interatomic distances in silver and gold are 2*88 A, and those in indium and thallium are 3*24, 3*37 A, and 3*40, 3*43 A respectively, so th a t the values for thallium are about 0* 1 A greater than those for indium in spite of the fact th a t the atomic diameters of silver and gold are nearly equal. If we regard the values for thallium as the result of a very stable T1+ ion, those for indium suggest th a t the In + ion is not so stable, in agree ment with the general chemistry of the elements. We shall adopt the point of view th a t in metallic indium, the normal Brillouin zone effects are superimposed upon the effect of incomplete ionization, with the result th a t the extrapolated atomic diameters of indium in alloys are not so simply related to those of metallic indium, as are the corresponding values for
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aluminium. Indium is also more electronegative than aluminium, with the result th at the electrochemical factor is much greater in the magnesiumindium alloys. The lattice spacing relationships in the solid solutions of indium in magnesium have been described above, and the values for the extrapolated atomic diameters are as follows:
Extrapolated a value 3-089 A. Extrapolated d value before the c overlap begins 3-07 A. Extrapolated d value after the c overlap has set in 3-17 A.
These values agree with our general hypothesis, the extrapolated atomic value of indium being smallest in the case where there is no overlap.* The extrapolated atomic diameters for the directions in which overlaps are * As explained previously the d distance of approach involves both the a and c spacings, so that if the extrapolated value for the a spacing is 3*089 A, the c spacing must be small in order to give an extrapolated value of 3*07 A for the d distance.
involved (3-09 and 3*17 A) are relatively much smaller than the values in metallic indium than are the corresponding values for aluminium, and this difference may be ascribed to the much greater electrochemical factor in the system magnesium-indium, and to the fact that, if our views are correct, metallic indium involves some tendency towards incomplete ionization, in the crystal of the element, whilst aluminium does not.
The lattice spacings of solid solutions of indium in silver have been measured accurately by Owen and Roberts (1939) , and by Hume-Rothery, Lewin, and Reynolds (1936) , and the extrapolated atomic diameter is 3-07 A. This value confirms our hypothesis, since it is less than the normal atomic diameter in the element, and the difference is greater than in the case of aluminium in agreement with the concept of incomplete ionization.* The lattice spacings of the solid solution of indium in gold have only been measured roughly by Weibke and Hesse (1939) and the extrapolated atomic diameter of indium is 3-12 A and is thus again smaller than the normal atomic diameter.
The solid solution of indium in copper cannot be compared directly with those in silver and gold, since, in the copper alloy, the interatomic distances are influenced greatly by the electron cloud of the indium ion, which is larger than the ions of copper.f The extrapolated atomic diameter of indium from the Culna-solid solution is 3*21 A, and is thus still smaller than the normal atomic diameter, although larger than the extrapolated values from the silver and gold solid solutions where the ions of indium are smaller than the solvent ions.
In general, therefore, the normal, and apparent or extrapolated atomic diameters of both aluminium and indium are in good agreement with the requirements of the Brillouin zone theories. All the examples considered are those in which aluminium or indium is the element of higher valency, so th a t extrapolation in the direction of increasing aluminium (or indium) content increases the zone overlap. The apparent atomic diameters obtained by extrapolation towards the element of lower valency will be influenced by the zone effects, but will clearly be less regular, since different effects may be in opposition. If, for example, an intermediate phase involves a zone overlap, this will make the lattice spacing high, but extrapolation in the * The value 3-07 A for the solid solution in silver, which involves no overlap, is the same as that for the extrapolated value for the d distance in the magnesium alloy which involves both the overlapped a spacing and the non-overlapped c spacing. This implies a contraction of the magnesium-solid solutions relatively to that of silver, and this is due to the greater electrochemical factor in the magnesium alloys.
t This influence is shown clearly in the a-solid solubility relations.
direction of lower valency reduces the overlap, and so makes the lattice spacing decrease more rapidly than in the absence of an overlap, and so the resulting extrapolated atomic diameter involves two opposing effects. Irregularities in the lattice spacing-composition curves analogous to those shown in figure 1, may be expected for any phase in which change in composition produces a zone overlap, and it is clear th a t this effect em phasizes the necessity for detailed investigation if lattice spacing methods are used for the determination of phase-boundaries, since the bend in the curves would be readily overlooked if only a few alloys were examined.
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